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Abstract

The crystal growth of Yb:S-FAP [Yb**:Sr5(PO,)sF] is being studied for 1.047-mm laser
operation. These crystals are not yet routinely available and the growth of high optical quality,
low loss crystals poses a challenge due to a number of crystal growth issues, including,
cloudiness, bubble core defects, anomalous absorption, low-angle grain boundaries, and
cracking. At this time, a growth process has been formulated to simultaneously eliminate or
greatly diminish each of the defects yielding high quality material. Laser slabs of dimension 4.0

x 6.0 x 0.75 cm are being fabricated from sub-scale pieces using the diffusion bonding technique.
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1. Introduction

Host materials doped with the Yb** ion have sparked a great deal of interest in the last
several years for their use as solid-state lasers that can be pumped by InGaAs-based diode lasers.
[1] These materials have longer storage lifetimes than Nd**-doped hosts and can have favorable
cross-sections. [2] For example, the material and laser performance have been examined for
Yb:YAG [3] and the Yb:fluoroapatite (FAP) family of crystals [4-6] including, Cas(PO,)sF (C-
FAP), Sr5(PO4)sF (S-FAP), CasxSrx(PO4)sF, SrsxBax(PO4)sF, and Srs(VOy4)sF. Although

YDb:YAG is much better suited for high power/high thermal load operations because of its
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significantly better thermal properties, Yb:fluoroapatites are well suited for diode pumping in
moderate thermal load applications owing to the relaxed diode brightness requirement and the 3x
greater gain cross-section. The laser performance of Yb:S-FAP has been investigated for use in
a diode pumped gas-cooled-slab laser geometry. [7] It was shown to produce 50W of optical
power at 1047 nm with a laser output efficiency of 51% with a laser-diode array pump source
operating at 900 nm. Currently there is interest in this crystal for a 100 J, 1 kW, 1 ns gas-cooled
slab laser system (Mercury Laser). [8] Yb:S-FAP crystals are not yet routinely available and the
growth of high optical quality, low loss crystals poses a challenge due to a number of crystal
growth issues, including cloudiness, bubble core defects, anomalous absorption, cracking, and
low-angle grain boundaries. A significant effort has been made to understand the defect
chemistry of Yb:S-FAP and a growth process has been developed to yield high optical quality
crystals.
2. Experimental

Crystals of Yb:S-FAP are grown by using the Czochralski method from a SrF,-rich melt.
Growth is done in a four inch diameter by four inch tall iridium crucible at 1810°C in an inert
flowing nitrogen atmosphere with rotation rates from 6-15 rpm and a pull rate of 0.5 mm/hr.
As described later in this article, excess SrF, in the melt has been chosen because it produces
clear crystals with no cloudiness. The melt is prepared by decomposing SrHPO,, SrCO3, and
Yb,Oj3 starting materials to yield a Yb-doped Sr3PO,), melt to which SrF; is added to yield the
appropriate composition. The pre-decomposition reaction prevents SrF, from oxidizing to SrO
thereby removing fluorine from the melt. Yb,03 has been typically used as the dopant to aid in
the charge compensation process where a Yb**-O% ion pair exchanges for a Sr**-F pair. [9] An

excess of Yb,0; is added to the starting composition to accommodate the approximate 12%
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distribution coefficient from melt to crystal. Current boule dimensions are 2.8 cm diameter by 7
cm length grown along the c-axis. Efforts are centered around growing crystals of sufficient size
to produce pieces for diffusion bonding to form a 4.0 cm x 6.0 cm (c-axis) x 0.75 cm slab for the
Mercury Laser being developed at Lawrence Livermore National Laboratory.

3. Defect Chemistry and Growth Strategies

A number of defect structures in Yb:S-FAP crystals have been overcome to produce high
quality material for laser slabs. Five prominent defects encountered are, cloudiness in as-grown
boules, bubble core defects, low-angle grain boundaries, anomalous absorption, and cracking; all
are illustrated in Figure 1. An understanding of each of these defects has been achieved in an
effort to engineer methods to eliminate or sufficiently reduce their magnitude to lessen the threat
to laser performance.

A SrF,-rich melt composition has proven effective in eliminating the cloudiness in boules
of Yb:S-FAP grown from a near-stoichiometric melt. The cloudiness is believed to be a result of
second-phase particles that precipitate out in the crystal lattice. The identity of the second phase
has not yet been verified, but it is likely of phosphate-based origin resulting from a deficiency of
SrF, at the growth interface with the evaporation from the melt surface. As a result, an excess of
SrF, beyond the stoichiometric composition is added to yield 33 mole percent total fluoride in
the melt. A 33 mole percent SrF, composition in the Sr3(PO,4),:SrF, phase system is equivalent
to a congruently melting compound with the stoichiometry Sr7(PO4)4F,. However, Inductively-
Coupled Plasma/Mass Spectrometry has identified the composition of the crystals to be
Srs(PO4)sF. These phase relationships have been extrapolated from the Cas(PO,),:CaF; phase
diagram [10] since the phase diagram for the strontium analog does not yet exist. It has been

found that the amount of excess SrF, that is added is significant where < 33 mol% yields cloudy
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crystals and large excesses lead to the formation of new, long “string-type” defects that
propagate perpendicular to the c-axis at the core. However, compositions near 33 mol% are
optimal for eliminating the supersaturation of the second phase and clear crystals are produced.

A growth orientation along the c-axis for Yb:S-FAP crystals is critical for eliminating the
anomalous absorption that occurs as a broad band from approximately 925-1000 nm with a peak
at 975 nm. Crystals grown along both the a-axis and 45° to the c-axis intermittently display the
unwanted absorption whereas there is no evidence for this absorption in the c-axis boules that
have been grown to date. The absorption is attributed to the Yb** ion on a second site in the
crystal lattice, based on excitation and emission spectra. The spectrum most closely resembles
that of Yb** in a phosphate environment such as is seen in LuPO, [2], where there are no
characteristics of the desired spectrum arising from the vibration interactions of the Yb**-0%
charge compensation pair. [9] A possible explanation for the elimination of the anomalous
absorption in c-axis crystals relates to the presence of F" ion “conduction” channels that parallel
the c-axis in the apatite lattice. The preferred orientation may allow for easier charge
compensation substitution of the Yb**-O% pair for the Sr**-F" pair giving rise to the appropriate
absorption spectrum thereby reducing the probability of Yb achieving charge compensation by
another mechanism.

By growing “seed extensions” and choosing a small cone angle to maintain a stable
growth interface, low-angle grain boundaries have been eliminated. The grain boundaries appear
as slight shifts in the refractive index or waves running through the crystal in sheets oriented
perpendicular to the c-axis (see Figure 1). Reference 11 provides an extensive explanation of the
crystal lattice effects that lead to the formation of these grain boundaries and therefore, these

effects will not be reiterated here. However, it is understood that the dislocations are formed by
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propagation from the seed to the crystal and strain-induced deformations from an unstable
growth interface. [12] The growth of a seed extension makes it possible to grow out any grain
boundaries propagating from the seed or formed during the seeding process. In addition, a
gradual increase in diameter in the cone section helps to maintain stable growth conditions
reducing hoop stress preventing new grain boundaries from forming. Further, c-axis growth
makes it easier to grow out grain boundaries because they propagate perpendicular to the growth
direction.

Crystals of Yb:S-FAP are grown in a higher thermal gradient furnace and at small 2-3 cm
diameter to stabilize the growth interface and control the formation of bubble core defects. The
bubble core is attributed to constitutional supercooling where a supercooled liquid is formed
from concentration gradients of rejected melt components pushed along in front of the advancing
interface. In the Yb:S-FAP system, SrF, and Yb,0O3 are in excess to alleviate cloudiness and
account for the distribution coefficient of dopant, respectively, and therefore, may be of higher
concentration near the interface after being turned away from the growing crystal. Instabilities
deviating from steady-state conditions, resulting from this phenomena, can then cause small
protuberances that can come in contact with the supercooled liquid and grow very fast away
from the interface into the melt. Eventually these protuberances grow together and close off,
trapping low melting temperature liquid, which contracts and leaves a void upon cooling (see
Figure 2). SEM/EDX analysis has pinpointed the approximate composition associated with the
bubbles to be Yb,03 and Sr3(PO4),. To prevent the growth of any protuberances formed at the
interface, we have used higher thermal gradients, typically axial gradients of ~35°C/cm near the

melt. In addition, it has been observed that the introduction of the bubble core consistently
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begins at diameters of approximately 3 3.0 cm. Recent growths of smaller, 2.2 cm diameter
boules, in the higher gradient have completely eliminated the bubble core defects.

Cracking is managed by not separating the crystals from the melt during the cooling
process and by significant reduction of defects. The main source of cracking was related to high
thermal gradients in the crystals, especially at larger (5 cm) diameters, as well as numerous
bubble core defects. Cooling the crystals still attached to the melt reduces the thermal stress
along the length of the boule by using the large thermal load of the melt to conduct heat into the
crystal. As a result, cracking is no longer an issue in the growth of small diameter Yb:S-FAP
crystals.

4. Conclusions

A growth process has been developed to eliminate each of the five defects encountered in
Yb:S-FAP crystals. Excess SrF; in the initial melt and c-axis growth have been successful in
preventing cloudiness and the anomalous absorption. Also, seed extensions, higher thermal
gradients, and small diameter crystals have proven effective in handling the formation of grain
boundaries and bubble core defects. Finally, with the significant reduction in defects together
with cooling the crystals while attached to the melt, cracking is no longer an issue. Boules
grown using this recipe yield small crystals with high optical quality, as shown in Figure 3. The
diffusion bonding technology will be used to stitch together sub-slabs to form a full size (4 x 6
cm) slab. [13] This process has been proven successful in test samples where there is no
evidence of the bond visibly or by using interferometry. Currently, high quality sub-slabs are

being produced for laser testing.
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Figure Captions

1. Five defect structures are present in Yb:S-FAP crystals including, (a) bubble core, (b)
anomalous absorption, (c) cloudiness, (d) cracking, and (e) low-angle grain boundaries.

2. Photograph of the bubble core defects in Yb:S-FAP crystals at a magnification of 78X.

3. Photograph of high quality Yb:S-FAP crystal and polished section for diffusion bonding.
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